We describe the 3D supramolecular structure of Fmoc-RGDS fibrils, where Fmoc and RGDS refer to the hydrophobic N-(fluorenyl-9-methoxycarbonyl) group and the hydrophilic Arg-Gly-Asp-Ser peptide sequence, respectively. For this purpose, we performed atomistic all-atom molecular dynamics simulations of a wide variety of packing modes derived from both parallel and antiparallel -sheet configurations. The proposed model, which closely resembles the cross- core structure of amyloids, is stabilized by - stacking interactions between hydrophobic Fmoc groups. More specifically, in this organization, the Fmoc-groups of -strands belonging to the same sheet form columns of -stacked aromatic rings arranged in parallel. Eight of such columns pack laterally forming a compact and dense hydrophobic core, in which two central columns are surrounded by three adjacent columns at each side. In addition to such Fmoc···Fmoc interactions, the hierarchically assembly of the constituent -strands involves a rich variety of intra-and inter-strand interactions. Accordingly, hydrogen bonding, salt bridges and - stacking interactions coexist in the highly ordered packing network proposed for the Fmoc-RGDS amphiphile. Quantum mechanical calculations, which have been performed to quantify the above referred interactions, confirm the decisive role played by the  stacking interactions between the rings of the Fmoc groups, even though both inter-strand and intra-strand hydrogen bonds and salt bridges do also play a non-negligible role. Overall, these results provide a solid reference to complement available experimental data, which are not precise enough to determine the fibril structure, and reconcile previous independent observations.
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INTRODUCTION
The comprehension of protein self-assembly and aggregation is relevant in biomedicine and biotechnology to advance in the design of biological materials for a number of applications. A better understanding of the aggregation processes can be achieved by simulation using computational methodologies at atomic resolution. For instance, these methods have been employed to investigate the organization of amphiphilic peptides in aggregates. Thus, atomistic Molecular Dynamics (MD) simulations have been applied to study the dynamics and thermodynamics of fibril formation, nucleation, and polymorphism; 1-4 the inhibition of amyloid aggregation; 5 the assembly of cylindrical nanofibers 6 and fibril bilayers; 7 or nanotube formation from the self-assembly of -helical peptides. 8, 9 Very recently, the enormous capacity of current computational tools has been demonstrated by screening the aqueous self-assembly propensity in 8000 tripeptides and evaluating these by comparison with known examples. 10 In a recent study we examined the self-assembly of Fmoc-RGDS, where Fmoc and RGDS refer to the hydrophobic N-(fluorenyl-9-methoxycarbonyl) group and the hydrophilic Arg-Gly-Asp-Ser peptide sequence, respectively. 11 While the RGD amino acid sequence is the unit of a cell adhesive activity domain in adherent proteins (e.g.
fibronectin, fibrin and vitronectin), 12,13 the synthetic peptide RGDS exhibits high cell adhesion activity via binding to the integrin cell receptors. 12, 14, 15 The binding of RGDS to integrins has previously been shown to trigger chemotactic responses, including cell adhesion and migration in vitro. 16 On the other hand, self-assembly properties of Fmocprotected peptides is a topic of growing interest because of the control exerted by - stacking interactions induced by aromatic rings on the formed nanostructures. [17] [18] [19] [20] [21] [22] [23] 
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Fmoc-RGDS was found to fibrillise under appropriate conditions. 11 Circular dichroism and FTIR spectroscopy results indicated that the self-assembly at low concentrations being dominated by interactions between Fmoc units. 11 Moreover, fiber X-ray diffraction (XRD) suggested the formation of antiparallel -sheets at sufficiently high concentrations. This antiparallel organization was in agreement with that proposed for Fmoc-FF 22 (Fmoc-Phe-Phe) and Fmoc-AH (Fmoc-Ala-His). 23 The assembly of Fmoc-RGDS has also been the subject of preliminary modelling using MD simulations. 11 Modeling of systems formed by 7 or 21 peptide molecules (strands) assembled in the same -sheet indicated that the parallel configuration is significantly less stable than the antiparallel, which was in agreement with XRD information. More recently, two -sheets, each containing 7 explicit molecules, were packed with the Fmoc-aligned or with the charged side groups oriented face-to-face and, subsequently, simulated. 24 Twelve different packing models were constructed for the MD study, which differ in the parallel or antiparallel configuration of the strands in the sheet, the role played by the Fmoc groups in the assembly of the two sheets, and/or the relative orientation of the charged side groups of Arg and Asp belonging to different sheets. 24 Results suggested that the Fmoc···Fmoc interactions are decisive for the assembly of the two sheets. Among the 12 investigated models, 3 of them showed acceptable stability after 25 ns of MD simulation: two Fmoc-aligned packing models and one laterally packed model in which the sheets with the charged side groups of Arg and Asp are oriented face-to-face. Amazingly, peptide molecules in the -sheets of such three models were arranged in parallel configuration. Although this was in apparent contradiction with XRD data, it should be remarked that such experimental observations corresponded to high concentration conditions. 11 Thus, the size of the theoretical model 
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Chemistry Chemical Physics Accepted Manuscript (i.e. two sheets containing 7 molecules each one) only represented assemblies stabilized under low concentration conditions. 24 The current study aims to elucidate and rationalize the 3D supramolecular structure of Fmoc-RGDS fibrils applying theoretical methods and starting from the knowledge acquired in our previous study on a very simple model formed by two interacting sheets. 24 In an effort to address the supramolecular association of this peptide, we sought to systematically and comprehensively analyse the organization of Fmoc-RGDS molecules considering realistic models of multiple packing modes for both parallel and antiparallel -sheet configurations using atomistic MD simulations. Assemblies examined in this work contained from 4 to 8 explicit -sheets and from 7 to 24 Fmoc-RGDS molecules per sheet. Overall, the MD simulations, which were performed in aqueous solution with explicit solvent molecules, spanned a total simulation time of 1 s. Results have provided a solid reference to complement available experimental data, which are not precise enough to determine the fibril structure, 11 and to reconcile previous independent observations. 11, 24 Thus, the structures obtained in this work reveal details with atomic resolution of the packing interactions by which constituent -sheets assemble hierarchically into fibrils. In addition, quantum mechanical calculations on reduced models of such systems allowed us to characterize and quantify the interactions present between amino acids chains or Fmoc groups of two Fmoc-RGDS units of one sheet (stacked -strand interactions) or between two adjacent -sheets (lateral-strand interactions).
METHODS
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MD simulations. Intra-and intermolecular interactions were computed using the potential energy functions and the empirical parameters of the AMBER force-field, 25 with the exception of the electrostatic parameters for the Fmoc aromatic group that were obtained from previous work. 11 Bond lengths involving hydrogen atoms were kept at their equilibrium distances using the RATTLE algorithm. 26 Atom pair distance cutoffs were applied at 14.0 Å to compute the van der Waals interactions. To avoid discontinuities in this energy component, the van der Waals energy term was forced to slowly converge to zero by applying a smoothing factor from a distance of 12.0 Å.
Electrostatic interactions were extensively computed by means of Ewald summations.
The real space term was defined by the van der Waals cutoff (14.0 Å), while the reciprocal space was computed by interpolation of the effective charge into a charge mesh with a grid thickness of 5 points per volume unit (particle mesh Ewald). 27 Table 1 provides specific information about all systems simulated in this work, including based on explicit and implicit solvent representation. This information refer to the dimensions of the periodic simulation box (minimum image convention), the number of Fmoc-RGDS strands together with the corresponding Na + counterions, and the number of water molecules (for simulations with explicit solvent representation).
Water molecules were represented using the non-polarizable TIP3 model. 28 Ionic strength was directly represented by the counterions introduced to balance the total charge of each Fmoc-RGDS molecule. Each peptide molecule presented a net charge of -1, which is the outcome of having ionizable groups of both side and main chains at their most favored state at pH ≈ 7.0 (i.e. Arg side chain protonated with charge +1 and carboxylate groups of both Asp and the C-terminus ionized with charge -1).
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Simulations executed with an implicit solvent representation were based on the generalized Born model. 29 The dielectric constant was set at 78.5 (water environment) while the ion concentration kept at 0.07 M that is approximately the concentration of Na + ions used in simulations with explicit solvent molecules.
All simulations were performed using the NAMD 2.9 program. 30 Each system was submitted to 5000 steps of energy minimization (Newton-Raphson method) before any MD trajectory was run in order to relax conformational and structural tensions. Both temperature and pressure were controlled by two different strategies depending on which sub-cycle was run. Due to its fast convergence, the weak coupling method 31 (Berendsen thermobarostat) was used to heat the system and to rapidly equilibrate its pressure and temperature around 1 bar and 298 K, respectively. The relaxation times used for the coupling were 1 and 10 ps for temperature and pressure, respectively. For final equilibration and for all production runs, both temperature and pressure were controlled by the Nose-Hoover piston 32 combined with the piston fluctuation control of temperature implemented for Langevin dynamics. 33 Pressure was kept at 1.01325 bars, the oscillation period was set at 1 ps while the piston decay time was set at 0.001 ps.
The piston temperature was set at the same value as the thermostat control, 298 K, which used a damping coefficient of 2 ps. The integration step was 2 fs in all simulations.
The temperature, density and pressure of each examined model were equilibrated by three consecutive MD runs. First, a NVT-MD simulation at 298 K was run for 1 ns using Berendsen thermostat, the resulting atom velocities and coordinates being used as the starting point for a 1 ns NPT-MD run using the same procedure (298 K, 1 bar pressure). The end of this simulation was the starting point of a final 1 ns NPT-MD analysis. [41] [42] [43] [44] [45] [46] The interaction energy E int corresponds to the actual energy change when two separated -strands at the geometry they have in the assembly are combined either stacked in a -shell or neighbouring between two different -shells, and can be decomposed:
Here, V elstat corresponds to the classical electrostatic interaction between the unperturbed charge distributions of the prepared -strands and is usually attractive. The
Pauli-repulsion E Pauli comprises the destabilizing interactions between occupied orbitals and is responsible for the steric repulsions. The orbital interaction E oi accounts 
RESULTS
Construction of 3D assemblies using 2D building blocks
Amphiphilic peptides present a phenomenon called segmental polymorphism, 47 which refers to the identification of a large variety of -sheet assemblies that serve as the spine (i.e. building block) for the fiber formation. Furthermore, remarkably distinct supramolecular assemblies may originate from the same building block, subtle differences in the organization of the same -sheet assemblies giving place to very different morphologies. 48 The characterization of fibers of peptides with different sequences from simple extrapolation of a common and well-known structure is frustrated by this packing polymorphism, complete exploration of a wide number of sheet association models being required for each system. In this section the structure of Fmoc-RGDS fibers has been studied by constructing different 3D packing models using stable pairs of -sheets as building blocks 24 and, subsequently, examining their stability using MD simulations at atomic resolution.
Specifically, three stable models obtained in our previous investigation on two packed -sheets (labelled as P-TT2, P-HT2 and P-RD in reference 24 and schematically described in Figure 1 After placing these supramolecular assemblies in a previously equilibrated solvent box with 30464 explicit water molecules, adding the corresponding counterions, and equilibrating the resulting systems using the protocols indicated in the Methods section, production MD simulations were conducted for 10 ns at 298 K (three replicas for each 
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Chemistry Chemical Physics Accepted Manuscript model, which slightly differ in the inter-sheets distances used to construct the initial structures). After 10 ns of production trajectories, the simulations of models that retain certain organized association (i.e. P-TT2, P-HT2 and P-RD) were extended up to 20 ns.
The main criterion to evaluate the suitability of each tested model will be centered on the ability of each assembly to retain a coherent association. However, such a criterion must be flexible enough to allow fluctuations in the structure, since the incipient assembly (in biological context mainly referred as complex seed) should be able to sustain the inherent molecular motions of a liquid solvent. Within this context, it should be noted that the only available information on the core organization in the studied system is related to two very distinctive distances, 11 the average inter-strand distance within -sheets constituted by independent Fmoc-RGDS molecules (between 4.5 and 5.5 Å) and the average lateral spacing of -sheets (between 8.0 and 12.0 Å). Hence, any model that could explain the final fibre must be able to retain this minimal structural consistency. Figure 2 represents the structure of the six simulated assemblies at the beginning and at the end of the simulations, while the temporal evolution of the analysed geometric parameters and their average values are provided in the Electronic Supporting Information (ESI). These parameters, which are schematically represented in Figure S1 , correspond to the distance between two adjacent -strands located within the same sheet ( n st d , where n ranges from 1 to 6 and refers to the number of intra-strand distances within a sheet, indicating that each of the six intra-sheet distances listed in Table S1 corresponds to the average for a sheet made with seven molecules), the distance between adjacent sheets laterally associated ( n s d , where n ranges from 1 to the maximum number of pairs than can be constructed for a given model considering Although results displayed in this section indicate that 3D models derived from stable 2D building blocks are not able to hold regular associations, accurate analysis of the recorded trajectories allowed us to extract some important conclusions. Head-to-tail assemblies of -sheets do not favour the formation of sufficiently regular structures, which is a necessary condition to build fibril supramolecular structures. On the other hand, -sheets featuring antiparallel disposition of strands were totally unfeasible. A very relevant feature is that, when laterally assembled -sheets are constituted by parallel oriented strands (i.e. P-RD model), the organization looks to remain partially regular after 20 ns. However, even in the best case of the three MD replicas, the final outcome for the P-RD model was more like an amorphous than a regular aggregation ( Figure 2e ). Careful visualization of the three replicated trajectories for the P-RD model clearly suggested that we underestimated the supramolecular chemistry associated to the fibril formation by constructing parallel models through simple translation of the building blocks. This feature is reflected in Figure 4 , which depicts the starting coordinates and one of the final snapshots considering different points of view. More specifically, visualization of the P-RD trajectories suggested that the disorganization of the supramolecular 3D starting structure was driven by the Fmoc groups that tried to 
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Self-assembly into fibril supramolecular structures driven by hydrophobic
Fmoc groups
Fmoc-RGDS -sheets were built using 24 -strands and, subsequently, laterally assembled as in P-RD models considering blocks of 4, 5 and 6 sheets. The initial disposition of the sheet for these new 3D models, which have been denoted P-RD# with #= 4, 5 and 6, is compared in Figure 5 with the structure recorded after 20 ns of MD production (three replicas for each model, starting configurations exhibiting small differences in intra-and inter-sheet distances). The objective of these simulations is to examine if the results in the previous subsection, in which the P-RD regular association evolved towards a disordered structure, was due to the fact that the number of -strands Overall, these results suggest that the P-RD4 model can be considered as a good building block for the construction of organized fibrils. Thus, analysis of the three replicated trajectories recorded for the P-RD4 packing suggested that fibrils could be based on the aligned assembly of two P-RD4 building blocks. Preliminary calculations (i.e. energy minimization and very short MD runs; not shown) using an implicit solvation model rather than explicit solvent molecules indicated that an assembly like that schematically displayed in Figure 6a , which has been denoted 2(P-RD4), provides a fairly stable fibril organization.
To gain more information about the stability of the 2(P-RD4) model, 20 ns production MD runs (three replicas) were performed considering 24 strands for each sheet immersed in a dielectric medium (i.e. implicit solvation model). Figure 6b The apparent success of the 2(P-RD4) model should be considered with caution since the competition between the different types of hydrogen bonding interactions (e.g. strand···strand and strand···water) was not taken into account once solvent was reduced to a simple continuum dielectric medium. Also, it is worth noting that the description of interactions provided by classical force-fields is less accurate than that offered by quantum mechanical calculations. 51 Despite of these limitations, which are general to all force-fields, it should be noted that Amber parameters were explicitly developed to aid in the process of manipulating peptides and proteins and, therefore, they are considered among the more accurate for the simulation of this kind of biomolecules. The next subsection is devoted to explore the stability of the 2(P-RD4) supramolecular in explicit water considering production trajectories of up to 200 ns.
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Atomic structure and hierarchical assembly of Fmoc-RGDS fibril: Testing the stability of the 2(P-RD4)
MD simulations in explicit water of the 2(P-RD4) supramolecular structure (3 replicas) were performed considering sheets with 9 -strands. Inspection of the intermediate and final snapshots ( Figure S12 ) clearly indicates that the stability of these packing model is not altered by specific peptide···water interactions, supporting our previous observations using implicit solvation. This is corroborated by the temporal evolution and the averages of the intra-and inter-sheet geometric parameters (Figures   S13 and Table S5 , respectively). The bimodal distribution of averaged inter-sheet distances remains in explicit water, even though the coiling around the fiber axis is, obviously, much less evident in this case than in the system with 24 -strands per sheet.
As a final test of stability, the production trajectories of two of the three replicas conducted for the 2(P-RD4) model in explicit water were enlarged from 20 to 200 ns.
Our analyses showed that the hierarchical assembly associated to this supramolecular structure is highly stable in this long trajectory. Figure 8 , which represents snapshots separated by 40 ns intervals, indicates the absence of changes in both intra-and intersheet interactions, the only movement shown by this supramolecular organization being associated to the dynamical breathing typically observed for stable systems in solution.
These breathing fluctuations essentially affect the interaction between the two P-RD4 building blocks through the hydrophobic core formed by the Fmoc units. Thus, the hydrophobic region periodically expands and contracts, as is evidenced by the snapshots extracted at 80, 120, 160 and 200 ns. The dynamical behavior of this stable supramolecular structure is reflected in Table S6 , which lists the average intra-and inter-sheet distances with their standard deviations. Thus, the deviations of a few of trajectories. The X-ray diffraction patterns of a regular cross- structure typically show an equatorial reflection between 9.5 and 10.5 Å that corresponds to the average distance between sheets to form lamellae (i.e. -sheet stacking spacing) and a meridional reflection with a primary peak at 4.5-5.5 Å, which is associated to the distance between -strands. For Fmoc-RGDS these spacings appeared at 4.48 and 9.92 Å, respectively. 11 As can be seen, the main peaks observed at g C-C (r) and g Cf-Cf (r) functions closely correspond to such values, indicating an excellent correspondence between the 2(P-RD4) cross- model and experimental data. Other important spacings at 6.76 and 11.60.1 Å are also clearly detected in Figure 9 .
DISCUSSION
This work provides a unique series of simulations devoted to understanding and characterizing at the atomic level the hierarchical assembly of Fmoc-RGDS molecules.
For this purpose, a bottom-up approach has been applied to progressively ascertain how the constituent Fmoc-RGDS molecules, which adopts a straight -strand conformation, organizes into -sheets, 2D packed -sheets and, finally, 3D fibrils.
Page 18 of 48 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
Previous simulations on a single -sheet 11 or two associated -sheets 24 indicated that the antiparallel configuration of -strands within the same sheet and the antiparallel association of sheets are unstable for the Fmoc-RGDS peptide sequence. These two features are fully consistent with the results obtained in this work. Thus, supramolecular arrangements constructed using antiparallel -sheets (AA-RD) and considering an antiparallel disposition of motifs made with parallel -sheets (AP-TT2 and AP-HT2) have been found to be highly unstable (i.e. initial assemblies are completely lost in less than 10 ns). Within this context, it should be noted that both antiparallel and parallel sheets have been found in fibrils and amyloid-like crystals formed by short fragments of full-length amyloid-forming proteins. [52] [53] [54] [55] [56] Although the antiparallel alignment may produce more favourable electrostatic interactions, either parallel or antiparallel alignments can produce favourable intermolecular hydrophobic interactions. 57 Self-assembly in the proposed 2(P-RD4) model is based on the formation of - stacking interactions between hydrophobic Fmoc groups. This interaction apparently has a dual role: it allows the hydrophobic moieties to collapse and escape from the polar solvent (Figure 10a ), whereas the -stacked aromatic rings settle and anchor each sheet organization. The global stability is then completed by the formation of inter-strand hydrogen bonds between the Asp main chain amide group and the guanidine group belonging to Arg set on neighbouring sheets (see Inter II and Inter III in Figure 10a ).
The origins of this singular interaction are discussed below.
The organization presented above revolves around a hydrophobic core in which the Fmoc-groups of -strands belonging to the same -sheet form columns of -stacked aromatic rings arranged in parallel (Figure 10b , interactions labelled intra I). The face- 
to-face distance between adjacent interacting Fmoc groups within a column is around
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4.0 Å. As mentioned above, the eight columns of -stacked Fmoc groups pack laterally forming a compact and dense hydrophobic core, in which two central columns are surrounded by three adjacent columns at each side. This efficient packing mode protects the aromatic groups from penetrating water molecules. In the last decade, it has been shown that the addition of aromatic groups, as Fmoc, to the N-terminus of some small peptides allows them to form stable hydrogels. 22, [58] [59] [60] [61] [62] The morphology and dimensions of the obtained nanostructures were found to depend on the force that drives the own self-assembly process 22, 59, 60 and the peptide sequence. 61, 62 Many of these short peptides, as for example Fmoc-FF 22 and Fmoc-FF-Pyr + (where Pyr + represents a pyridinium moiety at the C-terminus), 63 are arranged as antiparallel organizations of sheets with the Fmoc groups acting like a zipper to bring neighbouring sheets together.
From a topological point of view, the 2(P-RD4) model proposed for Fmoc-RGDS closely resembles the cross- core structure of amyloids. This is also composed of arrays of -sheets with -strands running perpendicular to the long axis of the fibrils, 4.7 Å apart, and forming hydrogen bonds that run approximately parallel to the fibril axis. 63, 64 Thus, in addition to the discussed Fmoc···Fmoc interactions at the hydrophobic core stabilizing the two stacked layers of four assembled -sheets, the hierarchically assembly of the constituent -strands involves a rich variety of intermolecular interactions. Each -sheet of the 2(P-RD4) model is stabilized by a network inter-backbone hydrogen bonds involving the parallel in-register Fmoc-RGDS -strands (Figure 10b , backbone···backbone hydrogen bonds are labelled intra II). The
Fmoc groups appetence for their own class drags the strands together and limits the spatial arrangements that charged side chains can adopt once in axial disposition of strands and sheets is appointed. As a consequence, both Arg and Asp side chains 
belonging to the same chains form intra-strand salt bridges (Figure 10c , interactions corresponding to label Strd I). The preference towards intra-strand salt bridges before inter-strand interactions was observed in other cross-β based fibrils, in derivatives of natural peptides. 65 Due to the shorter length of the Asp side chain, there is an alteration on the β-sheet conformation of each strand at this site. The conformation adopted by this amide group is set perpendicular to the fibril growth and in this orientation forms dipole-dipole interactions with the Asp carboxyl group (Figure 10c , set of interaction shown as Strd II). This interaction prevents the formation of a fourth spine of amide···amide hydrogen bonds that this peptide should present if all its residues adopted a standard β-sheet conformation. However, the odd orientation of the central amide allows their carbonyl groups to form inter-sheet polar interactions previously mentioned (inter II and III in Figure 10a ), which aided anchoring the four strands lateral pack.
According to this microscopic study, hydrogen bonding, salt bridges and - stacking interactions coexist in the highly ordered packing network 2(P-RD4) proposed for Fmoc-RGDS amphiphile. However, analysis of the overall results, including all the examined unstable models, clearly demonstrate that specific hydrogen bonds and salt bridges between adjacent molecules located at the same and neighbouring -sheets, respectively, are not as important as Fmoc···Fmoc interactions in driven and stabilizing the self-assembly of Fmoc-RGDS in the supramolecular structure. Thus, simple lateral packing modes, in which Fmoc hydrophobic groups were located at the solvent accessible surface, resulted highly unstable. Taken together, the results obtained in this and previous works 11, 24 suggest that extensive hydrogen bonds and salt bridges play less of a role in forming and stabilizing the fibril supramolecular structure and a greater role With the aim to quantify the above referred interactions among the -strands of the -sheets: hydrogen bonding, salt bridges, and  stacking, a quantum chemical analysis has complemented the above MD calculations. In particular, we took a snapshot from the MD simulation of the 2(P-RD4) and we considered a model of the 8 -sheets with 3 -strands each one. All quantum mechanics calculations were performed at this geometry, without further relaxation. Table 2 includes the interaction energies between different pairs of -strands, either belonging to different -sheets, thus giving rise to lateral interactions, or to the same -sheet, thus evaluating the stacking interactions. This interaction energy is further decomposed by means of an energy decomposition analysis (EDA, see Methods section below). The corresponding numbering of the -sheets as well as a 3D plot of the distribution of the eight -sheets is depicted in Figure 11 .
First we focus on the lateral interactions of one P-RD4 building block, i.e. -sheets 1 to 4. The interaction energies, E int , amount from -13.1 (1t-2t) to -16.7 (2t-3t) and to - 
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Chemistry Chemical Physics Accepted Manuscript 19.9 (3t-4t) kcal/mol. As can be seen from Figures 9a and 10b , the two latter lateral P-RD4 units adopt a geometry in which the three rings of the Fmoc groups are oriented in parallel, whereas the Fmoc of -sheet 1 is oriented perpendicular to that of 2, thus justifying the lower E int value. If we go into the corresponding decomposition of E int into Pauli, electrostatic, orbital, and dispersion interactions, it is clearly observed how the main contribution comes from the dispersion interaction. This mainly arises from the - stacking of the aromatic rings of the Fmoc groups. Afterwards, the most relevant component is the electrostatic that can be attributed to the inter-strand hydrogen bonds between the Asp main chain amide group and the guanidine group of Arg on the neighboring -sheets, as discussed below (see Inter II and Inter III in Figure   10a ). There are some orbital interactions mainly originated from the same hydrogen bonds. The EDA of different hydrogen bonds show that the attractive interactions are about 30-50% orbital interactions depending on the type of the hydrogen bond and the rest are electrostatic interactions. 72 Our results show that the network of hydrogen bonds formed between 2t and 3t or 3t and 4t is stronger than that of 1t and 2t.
With the aim to better know the role played by each part of the -strand in such interactions, we have cut the bond between the Fmoc and the peptide chains and obtained two radical doublet fragments. With these fragments we have carried out the same EDA analysis (see Table S1 in the Supporting Information) for 2t-3t and 3t-4t - Pauli repulsions between the Fmoc groups make the most important difference, being larger in this case than between the peptide chains. On the other hand, the dispersion interaction between the aromatic groups in the Fmoc groups is also much more important than the dispersion in the peptide chains. As a summary, π-π stacking interactions between Fmoc groups and hydrogen bond interactions in peptide chains makes the largest contribution to the lateral -strand interactions.
The determinant interaction among the different -strands comes from the  stacking interactions between the aromatic rings of Fmoc groups, as stated above. In this case, the E int between two stacked -strands of the same -sheet is calculated to be -40.6 kcal mol -1 , an interaction that is two or three times larger than that of the interstrand ones. The determinant component is again the dispersion interaction, but now both electrostatic and orbitals interactions are of the same magnitude. It is worth mentioning that not only the  stacking contributes to this E int , as the hydrogen bond and salt-bridges intra-strand interactions are also present (see Figures 10b and   10c ). On the other hand, if two alternated stacked -strands are considered, the interaction energy is almost zero as can be expected from the separation between the two -strands of about 8 Å. Overall, these quantum chemical calculations confirm the decisive role played by the  stacking interactions between the rings of the Fmoc groups, although both inter-strand and intra-strand hydrogen bond (as seen in the E oi and V elstat terms) and salt bridges (as seen in the V elstat component) interactions do also play a non-negligible role.
Finally, Table 2 also shows how the interaction energy clearly diminishes for the crossed interactions between the top -strand of one -sheet and the middle (E int (1t- Table 2 . Interaction energies between two -strands and the corresponding energy decomposition analysis (in kcal/mol). The numbers stand for -sheets (see Figure 11 ), whereas "t" stands for top -strand of the referred -sheet, "m" for middle and "b" for bottom. Table S4 . All the structures were depicted using the same points of view. 
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